ABSTRACT: Algae-derived biocrude oil is a possible renewable energy alternative to fossil fuel based crude oil. Outdoor cultivation in raceway ponds is estimated to provide a better return on energy invested than closed photobioreactor systems. However, in these open systems, algal crops are subjected to environmental variation in temperature and irradiance, as well as biotic invasions which can cause costly crop instabilities. In this paper, we used an experimental approach to investigate the ability of species richness to maximize and stabilize biocrude production in the face of weekly temperature fluctuations between 17 and 27°C, relative to a constant-temperature control. We hypothesized that species richness would lead to higher mean biocrude production and greater stability of biocrude production over time in the variable temperature environment. Counter to our hypothesis, species richness tended to cause a decline in mean biocrude production, regardless of environmental temperature variation. However, biodiversity did have stabilizing effects on biocrude production over time in the variable temperature environment and not in the constant temperature environment. Altogether, our results suggest that when the most productive and stable monoculture is unknown, inoculating raceway ponds with a diverse mixture of algae will tend to ensure stable harvests over time.
■ INTRODUCTION
Limited fossil fuel supplies, increasing demand for energy, and increasing atmospheric CO 2 , have recently brought algaederived biofuels to the forefront of renewable energy research programs. 1−5 Algae may be a promising potential future source of renewable energy for many reasons. They require relatively little land when compared to other biofuel crops such as soybean, canola, and oil palm. 2, 3 They have short generation times and can be harvested rapidly. They are diverse, so species can be found that tolerate a large range of environmental conditions, and they can be grown on waste streams from industrial and agricultural processes. 6−8 Only recently have production facilities grown in scale, and start-up companies begun to try to commercialize algal biofuels. 1, 4, 9 This is partly because there are still a number of hurdles to be overcome for industrial-scale production to become a reality, and for algae-based fuels to become economically competitive with fossil fuels. We focus here on those hurdles related to the algal biofuel production stream, rather than those related to biomass harvesting or processing. There are currently two main modes of production: closed photobioreactors and open raceway ponds. It is thought that the energy return on investment is greater in raceway ponds due to their lower material and energy costs. 4 However, because raceway ponds are open, they also suffer from crop instabilities due to environmental variation in light and temperature, as well as due to disturbances from pests, diseases, and unwanted invaders. 1, 4, 6 As a result, maximizing and stabilizing raceway pond productivity is a growing focus of algal biofuels research.
To date, most algal biofuels operations are focused on growing monocultures of highly productive species. Synthetic biology approaches are used to create superspecies or strains that are capable of resisting diseases and consumption, of being more competitive against invaders, of producing more lipid per cell, of photosynthesizing more efficiently, and of tolerating a broader range of environmental conditions. 1, 4, 9 However, ecologists, evolutionary biologists, and systems biologists criticize such approaches because there are physical and physiological trade-offs among particular functions that prevent any single organism from performing them all well. 10−15 Rather than aiming to create a single strain or species that can perform all functions simultaneously, an ecological approach to overcoming these problems would be to design synthetic communities containing multiple species that each performs a separate set of functions. 10, 15 Two decades of research in community ecology has shown that communities containing many species are on average more productive, more efficient at using resources, better at resisting damage from consumers, resisting invasions, and maintaining stable ecosystem functioning over time. 16−21 Diversity may help to maximize and stabilize biomass or biofuel production in a number of ways. The presence of many species in a community increases the chances that some species in the community will be highly productive (sampling effect sensu Huston 22 ). Diversity may also enhance biomass production and resource-use efficiency when species coexist via niche partitioning or positive species interactions. 23 Aggregate community properties such as biomass production and resource-use efficiency may also be stabilized over time in numerous ways. 24−32 First, when species in high diversity communities coexist via niche partitioning or positive interactions, diversity will increase average levels of community biomass and, in turn, will reduce the influence of stochasticity and likelihood of crashes to low levels. 29, 33 Second, such coexistence will also stabilize individual population-level biomass, which, in turn reduces the summed variance of all species' biomasses. 29 Last, when species display asynchronous dynamics, either because they respond uniquely to environmental variation, 24 or because of competitive species interactions, 30 the total community biomass is stabilized by the presence of a greater number of species; 23, 24, 26, 27, 30 when one species is doing poorly, another is doing well and aggregate properties are less likely to drop below critical levels.
In this study we tested whether algal biodiversity increases the production and stability of algal biocrude oil over time. It has previously been shown that algal diversity may help to stabilize algal biomass in freshwater ecosystems (but see refs 30 and 34). Two early tests showed positive effects of species and functional group diversity on lipid production in freshwater algae. 35, 36 Similarly, Shurin et al. 11 found that biodiversity had positive effects on the total biovolume of algal communities. Contrary to these examples, however, Bhattacharjee and Siemann 37 found that monocultures of algae were more productive, stable, and resistant to invasions by other algae than polycultures when growing in wastewater. Key advances of our work over these previous studies are (1) to our knowledge, we provide the first demonstration of the impact of biodiversity on the stability of biocrude production in a fluctuating environment where environmental variability was directly manipulated and (2) we made direct measurements of algal biocrude production using a process known as hydrothermal liquefaction ("HTL", see below), rather than measuring proxies such as lipid production, biomass, or biovolume.
We performed a set of indoor mesocosm experiments designed to test three hypotheses and their consequent predictions regarding the role of diversity in maximizing and stabilizing biocrude production over time in the presence and absence of environmental temperature variation (the predictions further elaborated in the Materials and Methods section). We aimed to test hypotheses that are relevant for outdoor cultivation, but, in order to investigate the role of species diversity per se in response to a particular type of environmental variation (temperature), we set up the experiments in an indoor facility where environmental variation could be well-replicated and controlled. Our first hypothesis was that polycultures would produce greater amounts of biocrude over time on average than monocultures. Our second hypothesis was that polycultures would also display more stable biocrude production over time on than monocultures, particularly in fluctuating environments. Our third hypothesis was that polycultures would better ensure a minimum required biomass threshold for continued pond operations. It is known that monocultures are susceptible to crashes of biomass in outdoor cultivation and that such crashes require pond cleaning, sterilization, and culture restart, 4, 5, 8, 38 all of which are costly. We assumed that, below this threshold, the algal culture would be considered to have failed, and the pond would be emptied, cleaned, and restarted with a high cost of lost time, material, and energy. Lastly, we used species-specific, population-level biovolume data estimated in monoculture and mixture in order to determine how the mean, variance, and synchrony of individual species contributed to total community biovolume and resultant biocrude production over time.
■ MATERIALS AND METHODS
Focal Species Pool. We selected six species for the experiment: Ankistrodesmus falcatus (denoted as "A" in figures), Chorella sorokiniana ("B"), Pediastrum duplex ("C"), Scenedesmus acuminatus ("D"), Scenedesmus ecornis ("E"), and Selenastrum capricornutum ("F"). We selected these species based on a number of criteria: (1) they were part of the U.S. Department of Energy's Aquatic species program and were included in the Solar Energy Research Program's collection, 7 (2) they were identified as species of interest for biofuel production in the peer-reviewed literature, 39−41 (3) they grow on standard culture media (Bold's 3N), and (4) they are morphologically distinguishable under a compound light microscope at 40× magnification. All six species are also common in lakes across North America based on the EPA's 2007 Lakes Assessment survey (i.e., occurred in at least 15% of all lakes and were ranked in the top 50 out of 262 genera in occurrence frequency; http://water.epa.gov/type/lakes/NLA_ data.cfm). Natural occurrence is important because algal biofuels farms that use ecologically based community engineering should not pose a risk of the release, and potential subsequent invasion, of non-native taxa into natural ecosystems.
Predictions and Experimental Design. Based on our first hypothesis, we predicted that the average mixed-species polyculture would have higher biocrude production (averaged over time) than the average monoculture (Y̿ P > Y̿ M ). Second, we predicted that the best polyculture would provide greater average biocrude production than the best monoculture (Y̅ best_P > Y̅ best_M ). Our focus in this prediction shifts from the average monoculture, to the best monoculture, because an algae farmer is likely to aim to exceed the highest level of production that she/he could obtain from their most productive monoculture, assuming that a single, most productive, species has been identified. Regarding our second hypothesis, we predicted that on average polycultures would show lower variation in biocrude production over time than the average monoculture (CV P < CV M ). We also predicted that the most stable polyculture would show less variation in biocrude production over time than the most stable monoculture (CV best_P < CV best_M ). Again, this prediction assumes that an algae farmer is able to identify the most stable monoculture for a particular set of environmental conditions, and aims to exceed its stability using mixed culture. We also tested the prediction that polycultures would provide greater stabilizing benefits in a variable environment than in a constant environment due to the chance that diverse communities would contain species that respond uniquely to environmental variation ([CV M − CV P ] variable > [CV M − CV P ] constant ). Lastly, according to our third hypothesis, we tested the prediction that polycultures have a higher probability of maintaining biomasses above the threshold of 30 mg·L
Operational procedures for such cultivation restarts are likely to depend on particular species, local environmental conditions, and pond size and structure. 8 However, a published estimate indicates that, upon inoculation, the raceway biomass concentration may be as low as 50 mg·L
. Furthermore, at maximum production, pond productivity should attain an average of 25 mg·L
, with a pond dilution rate of 0.167·d
, 42 which means the pond must achieve a standing biomass of at least 150 mg·L
. Here, we tested our hypothesis under the assumption that ponds must not fall below a biomass concentration of 30 mg·L −1 in order to continue operations. This conservative estimate is 40% lower than the inoculation concentration of 50 mg·L
, and it is 80% lower than the baseline operating biomass concentration of 150 mg·L
The experimental design was a randomized complete block where each combination of two treatments (algal species richness × temperature variability) were replicated in each of two experimental blocks that were run at different times. The species richness treatment consisted of all possible monocultures of each of the six focal species (replicated 12 times each, six per block), all 15 possible bicultures (replicated eight times each, four per block), 15 randomly chosen four-species mixtures (replicated eight times each, 4 per block), and the full six-species mixture (replicated 18 times, nine per block). Within each block, we used 180 10 L aquaculture tanks that were filled with Bold's 3N medium (University of Texas Culture Collection: http://www.utex.org/mediaDetail. aspx?mediaID=55). Bold 3N is a nutrient-rich algal growth medium (8.82 mM of nitrate and 0.43 mM of phosphate). 43 Tanks received 30% media exchanges once a week via an automated pump delivering medium from a central sump (one for each rack) via a series of manifolds and through a backflushing valve and medical drip system attached to each tank. The valve and drip systems prevented back-flow and crosscontamination of liquid between tanks (SI Figure 1 ). Tanks were each lit from below by four AgroBrite T5 Bulbs (high output, 24 W, full daylight 6400 K spectrum) set to a light: dark cycle of 18:6. They were continuously bubbled with air through an airstone fed via a manifold attached to an air pump.
The experimental units used in the study were 10-L tanks. There were 180 total tanks that were arranged in six racks containing 30 tanks each (SI Figure 2) . Three racks per block were randomly assigned to a constant temperature treatment of 22°C (a total of 90 tanks), and three racks per block were assigned to a variable temperature treatment, which fluctuated between 17 and 27°C at weekly intervals (SI Table 1 ). Rack temperature assignments were randomized for each block, and placements of species diversity treatments and compositions were randomized within block and temperature treatments. To maintain temperature treatments, each tank contained a silicone cooling coil, through which temperature-controlled, sterile medium was continuously pumped. The medium, which was continuously UV-sterilized in each rack's central sump, was temperature-controlled via a series of heaters and chillers which were attached to a temperature sensor (SI Figure 2) . Media flowed through the silicone coils in each tank and was returned to the sumps for further continuous sterilization and temperature control.
Algal Inoculations. Prior to the experiment, we maintained all species in the lab in batch culture on sterile Bold's 3N. Prior to inoculation of the experimental units, all tanks and component parts were autoclaved, all plumbing and sumps were bleached, and all media was UV-sterilized. Tanks were filled with 10L of Bold's 3N media via media-delivery manifolds fed by a pump in each sump on the day of inoculation. Once the tanks were filled, algae were inoculated into their predetermined tank locations at a total density of 12 000 cells per milliliter (divided equally among species assigned to polycultures). For colonial species (e.g., Pediastrum duplex), cell density was calculated by estimating colony density and multiplying this by the average number of cells per colony, which we measured for a total of 25 colonies.
Monitoring and Weekly Sampling. After inoculation but before the start of the temperature fluctuations, we monitored the raw chlorophyll-a fluorescence of the four replicate monocultures for all six species every 2−3 days in order to ensure that they had reached a steady-state. Steady-state was achieved when the mean fluorescence of subsequent time points in the time-series of a monoculture were not significantly different from each other (SI Figure 3) . After three weeks, we sampled all 180 tanks and began the variable temperature treatments by alternating water temperature from 17 to 27°C at 7-day intervals. We continued sampling weekly for six more weeks (7 weeks in total).
Weekly sampling of the tanks consisted of removing 3 L of culture media from every tank via sterile silicone tubing attached to ports on the front of the tanks. A 2.5 L subsample was allowed to settle for 1 week at room temperature. After settling, ∼90% of the liquid was removed from the tops of the bottles using peristaltic pumps (Cole-Parmer Masterflex L/S Model no. 7523-80). The algal slurry remaining was then centrifuged, decanted and dried for 1 week at 60°C, to achieve a dry algal biomass pellet. This pellet was used for the HTL reactions (see HTL Measurement of Biocrude below).
Of the remaining 500 mLs of sample from each tank, 1 mL of well-mixed sample was preserved by adding 250 μL of sugared buffered formalin for future identification and counting under the microscope. Algal density samples were counted within five months of preservation using hemacytometers on standard compound Olympus light microscopes at a magnification of up to 40×. Algal enumeration proceeded by counting 400 cells or four full grids of the hemacytomer (a total volume of 3.6 μL), whichever came first, for each species in each sample. Cell counts were then standardized by the volume counted to achieve cell density estimates (cells·mL −1 ). Cell densities were also multiplied by measured cell biovolumes for each species in order to estimate the total biovolume made up by each species in each community. The cell biovolumes were measured using a FlowCAM (model no. C70).
Up to 50 mL's of sampled culture from each tank were then filtered through dry, premassed 47 mm Whatman GFF filters for an estimation of total dry algal biomass. The volume of sample filtered was recorded, filters were dried in a drying oven at 60°C for up to 1 week (or until no further mass loss was detected), and the filters were postmassed to estimate total dry biomass. The biomass was divided by the volume of sample filtered to obtain a biomass density in mg·L −1 . HTL Measurement of Biocrude. We performed all HTL reactions in 1.67 mL batch reactors built using 3/8-in. 316-stainless-steel Swagelok tube fittings. We loaded all reactors with 48 mg of dry algae and 910 mg of deionized water. These loadings correspond to a 5 wt % algae loading and enough liquid water to occupy 95% of the reactor volume at 350°C, the HTL temperature. The loaded reactors were placed in a sand bath (Techne IFB-51 with a Eurotherm 3216 PID controller) and preheated to 350°C for 20 min. After 20 min, we removed reactors from the sand bath, quenched them in a water bath at room temperature for 5 min, and returned them to ambient air for 15 min.
We collected products in a manner similar to procedures employed previously. 44 In brief, we poured the contents of each vial into a glass conical tube and used 9 mL of dichloromethane to rinse each reactor and collect remaining products. We vortexed and then centrifuged the conical tube at 3000 rpm for 10 s and 500 relative centrifugal force (rcf) for 1 min, respectively. The products generally partitioned into an organic, an aqueous, and a solid phase. After transferring the organic phase to another glass vial by pipet, we centrifuged the original glass conical tube again at 1500 rcf for 3 min. We then transferred the aqueous phase from the conical tube to a small plastic vial, leaving only the solid phase behind in the conical tubes. We dried the organic and solid phases using a Labconco RapidVap Vortex evaporator set to a block temperature of 35°C with a N 2 pressure of 25 psi for 65 and 30 min, respectively. We measured and recorded the mass of each phase, with the biocrude defined as the product remaining after solvent removal from the organic phase. We calculated biocrude yield as the mass of biocrude divided by the initial dry algal biomass. We multiplied these biocrude yield measurements (mg biocrude·mg dry algae ) to obtain biocrude production (mg biocrude·L −1 ). Only reactions with total mass recoveries falling within three standard deviations of the global mean of 83.7 ± 6.1% were retained in the reported statistical analyses. Samples with inadequate biomass for the HTL reaction were also necessarily excluded.
Data Analysis. We calculated the mean and coefficient of variation (CV) of biocrude production over the 7-week experiment for each tank:
Where, SD is the standard deviation of biocrude production (mg·L
) and μ is the mean biocrude production over the 7-week experiment. For 531 out of 2610 samples, there was insufficient biomass harvested from a tank in order to run an HTL reaction, and for 25 samples, the HTL estimate did not meet quality standards due to human or technical errors. In these cases, we calculated the biocrude production for the missing time point by estimating the mean biocrude yield (mg biocrude·mg algae
) across the remaining time points for that tank, and multiplied the mean yield by the measured biomass production for that time point (mg dry algae·L of culture
−1
). This prevented loss of low biocrude estimates because the biomass data set was complete for the experiment, and biocrude yield was relatively stable within species compositions over time, varying by, on average, less than 2 wt %.
To determine the probability of dropping below 30 mg·L −1 of biomass as a function of species richness, we created a bootstrap distribution within each level of species richness by sampling the biomass values for each level of species richness with replacement across all species compositions, replicates, and time points. Bootstrapped distributions contained 10 000 resampled biomass estimates. Using this distribution, we calculated the probability of the biomass dropping below 30 mg·L −1
. We repeated this 1000 times and estimated a mean and standard error of this bootstrapped probability to test whether the probability differed as a function of species richness and temperature treatment.
We used general linear models and linear mixed effects models to test for effects of species richness, species composition (i.e., the particular combination within a given level of richness), temperature treatment, and both the interactions between species richness and species composition and temperature, on the mean and CV of biocrude production, as well as the probability of biomass dropping below 30 mg·L −1 (hereafter "P < 30"). The general linear models were fit using gls() in R and the linear mixed effects models were fit using the lme() function. In both cases, we used models with variances weighted by species composition, because variances were not equal across treatments. 45 We included block as a random effect in the linear mixed effects models for each response variable. We then compared the AIC values of the general linear model against the linear mixed effects model using a log-likelihood ratio test and reported the results of the best model.
We used estimates of the total biovolume of each species in a community to understand how changes in species contributions to community-level biomass affected biomass production and variability. However, due to the time-series nature of the data, and the exorbitant number of samples, we only counted samples for monocultures, 2-species, and 6-species compositions. Overall, total biomass and total biocrude were strongly correlated (r = 0.98, P < 0.0001). As a result, we assumed that species' contributions to total biomass and hence biocrude could be approximated by looking at their population-level biovolumes. For both the 2-and 6-species communities, we then determined whether each species contributed more or less to community-level biovolume than expected based on an additive expectationi.e.
each species contributes
We calculated the CV, mean, and standard deviation of community-level biovolume over time to determine how species richness affected the stability of biovolume, and therefore biomass and biocrude production. Species' population-level biovolumes can contribute to the CV of community-level biovolume by affecting (1) the mean total biovolume of the community (μ) and (2) the standard deviation (SD) of the total biovolume of the community (eq 1 above). As the mean community biovolume (μ) increases, the CV of the total community biovolume declines. Contrary to μ, when the SD of community-level biovolume increases, the CV increases. The SD of community biovolume, however, depends on two things: (1) the sum of variances of individual species' population-level biovolumes over time (∑σ i 2 ) and (2) the synchrony of the biovolume fluctuations among species in the community. [28] [29] [30] 33 We estimated synchrony as in the work of Gross et al.: Where corr(Y i , ∑ ≠i Y j ) is the correlation of the biovolume of species i with the summed biovolume of all other species in the community. If population-level biovolumes become individually less stable, then the summed variance (∑σ i 2 ) will increase, the SD will increase, and the CV will increase, leading to lower stability. Synchrony in population-level biovolume fluctuations (synchrony > 0) will increase the SD, while asynchrony (synchrony ≤ 0) will decrease the SD, decrease the CV, and increase the stability of community-level biovolume.
We removed four tanks from all statistical analyses because more than 5% of the community biovolume was made up of an algal contaminant (i.e., a species not inoculated into that tank) on the final week of the experiment, week 7.
■ RESULTS
While species richness had a significant effect on biocrude production (Table 1) , increasing richness resulted in reduced production, which was contrary to our prediction (Y̿ P > Y̿ M , Figure 1 ). The average biocrude production declined by 40% as species richness increased from 1 to 6 species in mixture (Figure 1 ). Our analysis of population and community biovolumes indicated that most species achieved lower biovolumes when they were in polycultures relative to monocultures, and this was most pronounced in the most diverse communities (SI Figure 4) . of biocrude per week (± 3.08 s.e.). Temperature variability did not affect the size of the species richness effect on biocrude production (Table 1) . Within each level of species richness, there were particular species or species combinations that had significantly different levels of production ( Table 1) . The monoculture with the greatest biocrude production was Selenastrum capricornutum, with a mean of 140.66 mg·L −1 ± 11.72 (s.e.) (composition F, Figure 2 ). While this species had the highest production on average, it did not produce significantly more biocrude than the second best composition, which was a biculture of Selenastrum capricornutum and Scenedesmus acuminatus (composition DF, Figure 2 , Wilcoxon sign rank test W = 69.50, P = 0.11). Therefore, while we reject the original prediction that the most productive polyculture produces more biocrude than the most productive monoculture (Y̅ best_P > Y̅ best_M ), our data do not support the alternative prediction that monocultures produce any more biocrude than the most productive polyculture (Y̅ best_M > Y̅ best_P ).
Species richness had a significant stabilizing effect on biocrude production over time (SR, Table 2 ). Polycultures with two and four species were significantly more stable than monocultures (SI Figure 5) . However, there was no main effect of the temperature treatment on the CV of biocrude production (Table 2) . While there were no significant interactive effects of the temperature treatment and species richness, or the temperature treatment and species composition on the CV of biocrude production (Table 2) , the p-value for the SR·temperature interaction was 0.11, which is suggestive of a possible effect of temperature. We explored this potential interaction further by analyzing the effects of diversity and composition on the CV of biocrude production separately in the constant and variable temperature treatments. We found that species richness did tend to stabilize biocrude production over time (i.e., reduced the CV) in the variable temperature environment, but not in the constant temperature environment (Figure 3) . Specifically, in the variable temperature environment, 2-, 4-, and 6-species polycultures were more stable than monocultures on average (Tukey's posthoc comparisons with monoculture, P < 0.05), but this was not the case in the constant temperature environment (Tukey's posthoc comparisons with monoculture, P > 0.05, Figure 3 ). In the variable temperature environment, the CV of biocrude in the average polyculture declined by 29% relative to monoculture, but there was no significant difference in the constant environment, supporting our hypothesis that diversity would have a greater stabilizing effect in variable than in constant temperature
We used cell counts and biovolume data to determine how the mean, variance, and synchrony of individual species' population-level biovolumes contributed to total communitylevel biovolume and, by extension, biocrude production over time. Trends in the CV of community-level biovolume over time mirrored the trends in CV of biocrude in response to species richness (SI Figure 6A and B) . There was a marginally nonsignificant interaction between the temperature treatment and species richness on the CV of community-level biovolume (SR·temperature, F 1,180 = 3.66, P = 0.06). This interaction reflects that there was a decline in the CV of biovolume with species richness in the variable temperature environment, but Figure 6A and B) . The effect of species richness on the mean and standard deviation of biovolume did not significantly depend on temperature (F 1,180 = 0.18, P = 0.67, and F 1,180 = 0.51, P = 0.48, respectively). Species richness had a negative main effect on both the mean (F 1,180 = 146.31, P < 0.0001) and standard deviation of biovolume (F 1,180 = 19.49, P < 0.0001). A reduction in the mean biovolume reduces stability, and as a result the stabilizing effect of diversity observed in the variable temperature treatment must have been due to a reduction in the standard deviation of biovolume (SI Figure 6C−E) . The reduced standard deviation of biovolume with species richness in the variable environment (though nonsignificant) can be explained by a decline in the summed population level variances with increasing species richness (log-transformed summed variance, F 1,180 = 13.40, P = 0.0003, SI Figure 7B) , and not by a decrease in synchrony (SI Figure 7C and D) . Thus, the increased biocrude stability with species richness in the variable temperature environment is likely explained by reduced temporal fluctuations of individual species' populations, rather than any form of asynchronous dynamics among different species' populations.
Overall, species composition did not have a significant impact on the CV of biocrude production ( Table 2 ). The monoculture of Selenastrum capricornutum (species F) was the most stable species composition (SI Figure 8) , with an average CV of 0.28 ± 0.04 (s.e.), but Chlorella sorokiniana (species B) and Scenedesmus acuminatus (species D) did not have significantly higher CVs (Dunnett's, P B = 0.99, P D = 0.24). There was no polyculture that had significantly more stable biocrude than S. capricornutum (all one-way Dunnett's posthoc comparisons, P > 0.05, SI Figure 8 ), rejecting the hypothesis that the most stable polyculture would be more stable than the most stable monoculture (CV best_P < CV best_M ). However, many polycultures were not significantly less stable than S. capricornutum, including the biculture of S. acuminatus and S. capricornutum (composition DF, SI Figure 8 , Wilcoxon sign rank test W = 26.00, P = 0.10).
Lastly, we tested the prediction that polycultures would have a higher probability of staying above a production failure threshold (30 mg·L
. We found that the bootstrapped probabilities of dropping below the threshold declined with increasing species richness (SR, F 3,7992 = 14 432.30, P < 0.0001), and that this effect was stronger in a variable temperature environment than in a constant temperature environment (SR·temperature F 3,7992 = 362.75, P < 0.0001, SI Figure 9 ). As a result, we failed to reject the hypothesis that polycultures are more likely to stay above a production threshold than monocultures (
), and adding species richness has a greater stabilizing effect in variable than in constant environments (F variable3,3996 = 8102.50 versus F constant3,3996 = 5965.50). Overall, the six species community in the variable temperature environment had the lowest probability of dropping below 30 mg·L −1 of biomass, at probability of 4% ± 4% (95% C.I.) (SI Figure 9 ).
■ DISCUSSION
Growing mixed consortia of species tended to decrease biocrude production relative to the average monoculture, likely as a result of competition among species. However, polycultures were, on average, more stable in their biocrude production when water temperatures were fluctuating through time because diversity reduced the summed variance of species' biovolumes. In addition, polycultures were more reliable than the average monoculture in the sense that they had lower probabilities of dropping below a threshold that might lead to crop failure. Although the typical polyculture was more stable and reliable than the typical monoculture, there were only a small subset of polycultures able to equal (but none able to exceed) the biocrude production and stability of the single "best" monoculture (S. capricornutum).
To date, few studies have investigated the role that species diversity plays in increasing or stabilizing biofuel production by algae. Our results are most consistent with that of Bhattacharjee and Siemann, 37 who showed that select monocultures are able to produce abundant and stable supplies of biofuel. Given the particular environmental conditions used in this experiment, a monoculture of S. capricornutum was the most productive and stable. However, there were bicultures, some containing S. capricornutum that were equally productive and stable. Moreover, while all of the monocultures have been previously identified as candidates for biofuel production, some species were highly unproductive and unstable (namely Ankistrodesmus falcatus, Scenedesmus ecornis, and Pediastrum duplex). Since the average biculture was not significantly less productive than the average monoculture but was significantly more stable, when the best monoculture for a given set of environmental conditions is unknown, it may be better to select a biculture of biofuels candidate species than to select a monoculture. 10 Due to their higher average stability over time, the use of bicultures may help to limit the costs of production that arise due to unwanted pond crashes and culture restarts.
Our results contrast with those of Shurin et al. 10, 11 and Stockenreiter et al. 35, 36 who found positive effects of species or functional diversity on lipid production or biovolume. Stockenreiter et al. 36 found that lipid production was positively affected by species richness in biodiversity experiments using lab-assembled, as well as natural communities, of freshwater algae. Shurin et al. 10, 11 found that some multispecies compositions were capable of producing even more biovolume than the most productive monocultures, but our results indicate that no polyculture was able to outperform the best-performing monoculture. We also acknowledge that our results contradict the consensus of research on the impact of biodiversity on ecosystem functioning, which has shown that diversity generally has a positive and saturating impact on ecosystem functions such as biomass production and resource use efficiency. [16] [17] [18] 46 These contradictions could be due to the limited species pool selected for our experiments. We included only freshwater green algae that have been previously considered for biofuels production in past research.
7,39−41 By comparison, prior studies selected species from many taxonomic and functional groups (including cyanobacteria and diatoms), which could be more in line with typical biodiversity experiments. 11, 36 As a result, the species that we selected may represent a limited portion of ecological trait space, and by including a greater set of taxonomic groups it is possible that prior studies captured the trait variation needed for niche partitioning and overyielding. This interpretation is supported by a recent study on an open raceway pond showing that periods of relatively high naturally occurring microbial (bacterial and eukaryotic) genetic diversity, tended to be associated with high biomass production and stability. 47 As a result, we would recommend further experiments to test whether biodiversity sampled from a broader selection of taxonomic and functional groups, including locally adapted taxa, might be scaled-up to provide the yield benefits which are often observed in smaller-scale biodiversity experiments.
We used individual species' biovolume data to investigate the mechanisms driving the influence of biodiversity on mean biocrude production and stability. We found that average biocrude production tended to decline with biodiversity, and this was likely because the four most productive species in monoculture tended to underyield in polyculture, with the degree of underyielding becoming more extreme in 6-species communities than in bicultures (SI Figure 4) . This result is in line with prior studies demonstrating that underyielding may not be uncommon in diverse algal communities. 11, 48, 49 The number of studies investigating the mechanisms by which diversity influences biomass stability over time is still limited, but a recent meta-analysis of algal microcosm studies showed that diversity tends to have approximately equal positive influences on both the mean and variance of community-level biomass and therefore no net effect on biomass stability via these mechanisms. 30 However, they also found that synchrony declines with diversity, which has a stabilizing effect. By contrast, we found that both the mean and summed variance of community biovolume declined with diversity, and that population-level synchrony was not affected by diversity (SI Figures 6 and 7) .
In our study, a reduced summed variance with increasing diversity was the only mechanism which could cause the reduced biocrude variability in the variable temperature treatment. We recommend that similar studies are repeated with other species pools and sources of environmental variation to assess the generality of our findings and to resolve the contrast with prior results.
In conclusion, we have shown that species diversity has the potential to stabilize biocrude production over time, particularly in the presence of environmental temperature variability. In contrast to prior studies, however, we did not find that diversity tends to increase biocrude production on average, or beyond the best monoculture. When productive and stable monocultures can be identified, they may be the best option for scaling-up biocrude production. However, when the best monoculture is unknown, many mixtures, and in particular bicultures, may provide moderate levels of production that are much more stable over time than the average monoculture. This may help to mitigate the high costs incurred by culture crashes and restarts. In this study, we investigated the effect of diversity on biocrude production and stability in the face of a single type of environmental variabilitytemperaturein a fairly controlled environment with the aim of mimicking only one aspect of natural environmental variation. However, diversity may have greater importance in maximizing and stabilizing biocrude production in truly open systems where species face a number of types of environmental and biotic variability. 10, 12, 50, 51 Future research should focus on identifying the most serious agents of crop losses in open systems, and identifying the suites of species that can resist these various threats. In years where crops are lost, it may prove useful to identify and study species that remain or are able to invade after the focal crop species is lost. Such natural experiments may be instructive for future attempts to engineer productive and stable communities for fuel production.
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